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ABSTRACT: The ability to use molecular hydrogen, H2, as a
buﬀer gas in spin exchange optical pumping of noble gases
enables the production of hydrogen gas containing a low
percentile (5%) of hyperpolarized (HP) 129Xe as a tracer for
in situ NMR spectroscopy of hydrogenation reactions. It is
demonstrated that the xenon chemical shift, observed in the
porous space of Pt-containing alumina pellets, can be used to
monitor the temperature changes under rapidly progressing,
nonsteady-state conditions during start-up of the catalytic
reaction. Standard proton MR imaging was successfully
applied to provide in situ evaluation of conversion for the
catalyst used in this work.
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The vast majority of contemporary, industrially relevant,chemical processes are catalytic, and heterogeneous
catalytic reactions are of particular interest.1 To optimize the
activity and selectivity of catalytic reaction, the comprehensive
evaluation of reaction parameters is essential. Magnetic
resonance methods, that is, nuclear magnetic resonance
spectroscopy (NMR) and magnetic resonance imaging
(MRI), are powerful instruments to do so. Because of their
noninvasive nature, NMR and MRI can be used for operando
studies of catalytic reactions;2,3 for instance, these techniques
can be successfully used for obtaining spatially resolved
conversion information4−7 and velocity distributions8−11 for
catalytic reactors, for monitoring the process of catalyst
preparation,12−14 and even for temperature measurements.
NMR thermometry of working catalytic reactors is based on
the temperature dependence of the properties that can be
measured by NMR, such as the chemical shift,7,15 the NMR
signal width,16 or the NMR signal intensity.17,18 It either
utilizes external substances with temperature-sensitive NMR
properties (such as ethylene glycol in a capsule7,15), or relies
on the properties of the NMR signals of the catalysts (e.g., 27Al
NMR spectroscopy of alumina17,18) or the reactants
themselves. Successful measurements based on the NMR
detection of external inserts placed inside the catalytic reactor
have been reported that do not lead to magnetic ﬁeld
distortions. However, in some cases the temperature readout
may be misinterpreted, because NMR parameters mentioned
above depend not only on temperature, but on other
experimental factors as wellincluding the amount of a
substance used for temperature evaluation, diﬀusion eﬀects,
and spectral resolution.19 Even the methods that are based on
direct magnetic resonance measurements of the reactants and
products may impose certain restrictions on the experimental
design; for instance, the use of NMR line width for
temperature evaluation precludes the use of a frequency
encoding gradient for MRI.16 Furthermore, on a catalytic
surface it may be diﬃcult to diﬀerentiate between the surface
temperature and that of the ﬂuid phase. Perhaps most
importantly, MR methods generally suﬀer from low sensitivity,
which may cause prolonged acquisition times and may prevent
the time-resolved study of nonsteady-state processes. The MRI
sensitivity problem in heterogeneous catalysis is further
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exacerbated by magnetic ﬁeld inhomogeneity at the surface of
solid catalysts beads and within the entire catalytic reactor.4
Furthermore, industrial catalytic processes are often subjected
to high temperatures1,20 − meaning that many catalytic
reactions usually proceed in the gaseous phase so that, even
at elevated pressures, the spin density is substantially reduced
compared with the condensed phase.19
To overcome these obstacles, hyperpolarization meth-
ods21,22 or remote detection techniques23,24 can be applied.
The hyperpolarization methods are of particular interest
including spin-exchange optical pumping (SEOP)25 and
parahydrogen-induced polarization (PHIP),26,27 which provide
a signiﬁcant increase in NMR signals intensity, by up to several
orders of magnitude.
The SEOP technique allows for the production of
hyperpolarized (HP) noble gases, such as HP 3He, HP 129Xe,
HP 131Xe, and HP 83Kr, via spin-exchange with the
electronically spin-polarized alkali metal atoms, which have
absorbed circularly polarized resonance light.28,29 Among all
NMR active isotopes of noble gases, 129Xe is particularly
interesting because the chemical shift of xenon is extremely
sensitive to the external conditionsthe chemical shift range
of xenon in diﬀerent environments is over 200 ppm wide.30
This property, combined with xenon chemical inertness and
absence of background signals, has made xenon, hyper-
polarized by SEOP, an ideal magnetic resonance probe of
pore sizes for high-surface-area materials like aerogel, alumina,
and zeolites.31−37 Generally, adsorption processes and host−
guest interactions in porous materials can be followed and
analyzed by 129Xe NMR spectroscopy.38−40 Furthermore, HP
129Xe has been used in high-temperature MRI studies as a
tracer gas for methane combustion, demonstrating that the
hyperpolarized spin state of the noble gas nuclei can survive
extreme temperature conditions and that imaging of the
combustion region at a very low spin temperature is feasible.41
An uninterrupted supply of methane gas containing 5% of HP
129Xe can be obtained directly under continuous ﬂow
conditions provided that about 5−10% of N2 is added to the
gas mixture as a radiation quenching agent for the SEOP
process. Of particular promise is that no N2 is required to
generate HP 129Xe if molecular hydrogen is used as a buﬀer gas
for the SEOP process, enabling the production of a supply of
H2 containing a small percentile of HP
129Xe as a tracer gas.42
129Xe NMR spectroscopy can be used for temperature
studies as well−temperature dependence of xenon chemical
shift has been studied in various systems, such as pure Xe gas,43
Xe dissolved in water,44 n-alkanes,45 or other organic
solvents,46 encapsulated Xe (e.g., Xe in cryptophane-A
cage46,47) and Xe adsorbed on the surface of various porous
materials.48,49 For diﬀerent systems, temperature dependence
may vary signiﬁcantly and be either linear or nonlinear. For
example, several models have been developed for the
temperature dependence of the chemical shift for xenon
adsorbed in zeolites. The most suitable for experimental use is
that described by Cheung48 which may be represented as
T
c
Ae
( )
1 kT/
δ ε= | |
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where ε is the depth of square-well potential (used for
describing Xe-porous media interactions), c is a phenomeno-
logical constant, A is a geometric term dependent on xenon’s
van der Waals radius and morphology of pores, k is the
Boltzmann constant, and T is the temperature.
Pronounced temperature dependence allows xenon to be
used as a temperature probe for biomedical applications−
although xenon atoms are not included in any biologically
active molecules.50 For instance, the applicability of lipid-
dissolved hyperpolarized xenon gas for absolute MR temper-
ature measurements (including in vivo experiments51,52) has
been shown for the examples of white51 and brown adipose
tissue,52 and neat triglycerides.53 However, to date, no direct in
situ temperature measurements of chemical reactions have
been performed.
Parahydrogen-induced polarization (PHIP), another hyper-
polarization technique, is based upon catalytic hydrogenation
with parahydrogen (p-H2).
54,55 If the hydrogenation proceeds
via pairwise hydrogen addition route (i.e., the two H atoms
from the same p-H2 molecule end up in the same product
molecule), the corresponding 1H NMR signals of reaction
products or intermediates can be signiﬁcantly enhanced,
exhibiting characteristic antiphase lineshapes.56 As a result,
the appearance of antiphase signals in the 1H NMR spectrum
indicates the positions in the product molecules or reaction
intermediates to which H atoms were added. PHIP was also
proven to be very useful for mechanistic investigations in both
homogeneous57,58 and heterogeneous catalysis.59−62 Gases
hyperpolarized by PHIP (for example, hyperpolarized propane
formed in propene hydrogenation with parahydrogen) were
also successfully used for MR visualization of void spaces of
model objects63−65 as well as for MRI of working catalytic
reactors.11,66
In this study, we demonstrate the potential for temperature-
dependent HP 129Xe NMR spectra coupled with proton MR
imaging as an in situ measurement technique for catalytic
processes. First, the temperature dependence of the chemical
shift for xenon in catalyst pores was studiedsee Supporting
Information for further details. Brieﬂy, 129Xe NMR spectra
were obtained for xenon adsorbed in pores of 1 wt % Pt/Al2O3
pellet with an eggshell catalyst distribution (Figure S1) under
ambient pressure while HP xenon mixture (5 vol % Xe in
natural abundance, 95 vol % N2) was ﬂowing. The cylindrical
pellet of size 3.2 mm was located at the bottom of a 10 mm
NMR tube and outgassed for several hours at 150 °C in a
vacuum before the introduction of HP xenon. Also, before the
exposure of the pretreated pellet to HP xenon, propene gas was
added to the pellet. The sample in the coil was equilibrated for
at least 5 min at each temperature before data acquisition
began. The chemical shift of the resonance corresponding to
the xenon in the pores is displayed as a function of temperature
in Figure S2. For the xenon adsorbed in catalyst pores, the
chemical shift decreases as the temperature increases.
Following the model described by Cheung,48 the temperature
dependence of the xenon chemical shift can be rewritten as
Ae1
s
E kT129 /Xe A
δ δ=
+ −
where EA is the surface adsorption energy and δs is the “true”
chemical shift of xenon on the surface. This equation assumes
that the chemical shift of gas phase xenon, in the limit of zero
density, is set to 0 ppm.
The experimental data are well approximated by this
equation (Figure S2). The δs value is taken as 145 ppm
based on the study by Filimonova et al.,67 where this chemical
shift was found for xenon adsorbed on the surface of 2% Pt/
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Al2O3 catalyst at −50 °C. It should be noted that the chemical
shift of free xenon gas does not depend upon temperature over
this temperature range. No temperature hysteresis was found.
The temperature dependence of the 129Xe chemical shift and
the capability to generate HP 129Xe through SEOP of a
0.05:0.95 Xe:H2 gas mixture was utilized to observe a catalytic
reaction during start-up with time-resolved 129Xe NMR
spectroscopy (using 99% isotopically enriched 129Xe). After
SEOP, the HP 129Xe:H2 gas was mixed under continuous ﬂow
conditions with propene in a 2:1 ratio and then directed into a
catalytic reactor (8.5 mm ID quartz tube packed with 15
cylindrical Pt/Al2O3 pellets, two outer cooling jackets were
used). A schematic diagram of the catalytic reactor is presented
in Figure S3. It is expected that after the contact of the
propene:H2:Xe mixture with the catalyst pellets, propene and
hydrogen start to react with each other producing propane,
and heat is released in the highly exothermic propene
hydrogenation reaction. Therefore, the actual temperature of
the catalyst pellet may be signiﬁcantly higher than the value
which a downstream thermocouple temperature probe would
display.
Time-resolved 129Xe chemical shift data were obtained by
acquiring single-scan NMR spectra following a 90° rf excitation
pulse, recorded once per second while the propene:H2:Xe
mixture was ﬂowing continuously (Figure 1). Gas ﬂow was
initiated, and the xenon signal appeared about 10 s into the
acquisition, when the gas stream arrived at the NMR detection
cell. The 129Xe chemical shift from the materials phase
decreased signiﬁcantly over the next 80 s, while the changes
in the chemical shift of gaseous xenon, if any, remained below
the observed spectral resolution. Taking into account the
temperature dependence of xenon chemical shift obtained in
the calibration experiments, the average temperature inside the
catalytic reactor was about 106 °C within 30 s after the start of
the reaction and increased to about 200 °C within 70 s.
However, the temperature inside the reactor measured with a
thermocouple in a separate experiment did not exceed 150 °C.
Such a signiﬁcant diﬀerence in temperature values can be
explained by the fact that the noninvasiveness cannot be
guaranteed when using the thermocouple. Moreover, the fast
temperature increase due to the exothermic reaction is taking
place in the thin outer layer of the pellet, where platinum
particles are located and where xenon is adsorbed, making the
thermocouple measurement uninformative.
It is also noted that, although the presence of H2 can
signiﬁcantly alter the chemical shift of xenon adsorbed on
platinum surfaces,38,39 no such observation was made in this
study in the presence of propene with the pellets used in this
work. The ambient temperature chemical shift observed with
the Xe:N2 mixture was almost identical to the one measured at
the beginning of the reaction with Xe:H2:propene described
below.
Besides 129Xe NMR spectroscopy, standard proton MRI
studies of the Pt/Al2O3 pellet during propene hydrogenation
were performed using an ultrashort TE (UTE)68 pulse
sequence with selective propane/propene signal suppression.
Selective suppression works in a following way. A selective rf
pulse tuned to the propene (propane) resonance frequency
saturates propene (propane) protons, leaving only propane
(propene) protons to produce a signal.
In addition to standard proton MRI, the use of hyper-
polarized 1H MRI through parahydrogen could be useful for in
situ monitoring of the catalytic reaction. The enhanced MR
signals produced via PHIP could signiﬁcantly shorten the data
acquisition time. However, in this work, the advantage of using
parahydrogen instead of normal hydrogen (thermally equili-
brated hydrogen with the ratio of ortho- and para-isomers
approaching 3:1 at 298 K) in propene hydrogenation over
commercially available 1 wt % Pt/Al2O3 is limited by a 2-fold
NMR signal enhancement only because of the low
contribution of the pairwise hydrogen addition over the pellets
of Pt/Al2O3 catalyst (Figure S4). For hyperpolarized
1H MR
imaging, special MRI-compatible catalytic systems can be
designed that provide high NMR signal enhancements due to
high contribution of pairwise hydrogen addition and minimize
distortions arising from ﬁeld inhomogeneity.66
The optimization of parameters for the UTE imaging with
selective suppression of 1H signals from either propane or
propene was performed by using a 10 mm OD NMR tube
ﬁlled with propene gas concentrically placed inside a 15 mm
OD NMR tube ﬁlled with propane gas (Figure S5). After
optimization, the parameters were as follows: the selective 90°
pulse for the suppression of 1H signals of propane gas had a
Gaussian shape with 1000 Hz bandwidth and 320 Hz
frequency oﬀset; in the case of selective propene signal
suppression, the selective 90° pulse had a Gaussian shape with
2000 Hz bandwidth and 1000 Hz frequency oﬀset. The MR
images with/without selective suppression of propene signals
of 1 wt % Pt/Al2O3 pellet placed at the bottom of 5 mm NMR
tube and ﬂushed with propene are presented in Figure S6.
Further, MR images with selective suppression of 1H signals
from either propane or propene during propene hydrogenation
with normal hydrogen over the 1 wt % Pt/Al2O3 catalyst pellet
placed at the bottom of a 5 mm NMR tube were acquired
(Figure 2). The propene:H2 mixture was supplied from the top
to the bottom. The fact that selective suppression of the
Figure 1. 129Xe NMR spectra of catalytic reactor packed with Pt/
Al2O3 pellets while propene:H2:Xe mixture was ﬂowing continuously.
The gas ﬂow reaches the reactor at about 10 s which shows the
starting conditions with 56 ppm for xenon in the material phase. As
the catalytic reaction progressively increases the surface temperature,
the NMR signal is shifted (the red line serving as a guidance to the
eyes).
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propane resonance leads to an almost complete absence of
signal in the MR image (Figure 2b) implies almost complete
propene conversion over the Pt/Al2O3 pellet. In addition, the
MR image with selective suppression of propene signal (Figure
2c) indicates that most of the propane is formed, and the heat
is released, at the bottom part of the pellet, indicating the
presence of temperature gradients, which cannot be measured
by proton NMR.
In conclusion, it is demonstrated that HP 129Xe NMR
spectroscopy can be applied to time-resolved in situ temper-
ature measurements of a working catalytic reactor under
rapidly progressing, nonsteady-state conditions during reactor
start-up. The ability to directly hyperpolarize 129Xe within a
0.05:0.95 Xe:H2 mixture greatly facilitates its usage for the
study of hydrogenation reactions. The standard proton MR
imaging under steady state conditions demonstrated that the
propene hydrogenation conversion is close to 100% for the gas
that reaches the catalyst pellet.
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